CONNEXINS (Cxs) are tetrahelical transmembrane proteins that assemble as hexamers, called connexons, to form hemichannels in the plasma membranes of many types of human cells. Two hemichannels belonging to a pair of adjacent cells can dock with one another in a head-to-head fashion, directly connecting the cytoplasm of the two cells with a so-called gap junction (GJ) channel. This direct intercellular bridge couples the cells electrically and metabolically, enabling the exchange of ions, small metabolites, and signaling substances as well as the electrotonic propagation of membrane potential alterations from cell to cell. GJ intercellular communication (GJIC) is a pivotal mechanism in tissue coordination and adaptation, not only in the central nervous system, the myocardium, and the kidney but also in vascular networks (26, 43) .
By providing signaling pathways among endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) and between both types of cells via so-called myoendothelial GJs, Cxs enable blood vessels to communicate over significant distances and vascular networks to adapt to changing conditions. Vascular GJs contribute to short-term adjustments, such as changing vessel tone to regulate blood flow (12, 32) , as well as long-term adaptation processes, including angiogenesis (4, 26) and wound repair (27) . In terms of the regulation of vessel tone, GJs in ECs and VSMCs apparently perform different tasks: GJIC in VSMCs may be essential for the upstream propagation of vasoconstriction, whereas at least some types of upstream vasodilatation require GJIC in the endothelium (1, 12, 32) .
Among the endothelial Cxs (Cx37, Cx40, and Cx45), Cx40 (GJ-␣ 5 protein) has been found to be essential for the effective upstream conduction of vasodilatation, at least under certain conditions: absence of Cx40 in mice inhibits the regenerative component of spreading hyperpolarization that is necessary for transducing dilatory signals from a venous site or the capillary network to the respective feeding arteriole (7, 13, 19, 21) . Arteriolar vasodilatation, in turn, leads to enhanced blood flow and wall shear stress in downstream segments of the vascular network. It is therefore important to ascertain whether shear stress regulates local Cx40 levels, establishing a possible positive feedback loop between endothelial Cx40 expression in downstream segments of the vascular network and blood flow regulated in arteriolar sites.
The influence of flow on endothelial Cx expression both in vivo and in vitro has been most intensively investigated for Cx43 (8, 14, 24, 28) , whereas fewer data have been published concerning Cx40 (6, 18, 25) . The latter show agreement about endothelial Cx40 expression being induced by shear stress in repeatedly divided EC cultures. However, a systematic examination, including a look at time and force dependence, of the influence of defined wall shear stress on endothelial Cx40 expression levels is still missing. This study was designed to fill this gap, broadening the hitherto-obtained evidence with the exclusive use of primary ECs of the first passage to avoid dedifferentiation in prolonged cell culture.
Additionally, very little is known about the signal transduction pathways involved in flow-dependent regulation of Cx40 levels. The phosphoinositide 3-kinase (PI3K)/PKB (Akt) pathway is generally thought to play a major role in the mechanotransduction of shear stress (15, 25) , and PI3K has been found to alter endothelial Cx40 expression (44) , therefore constituting a potential key element in flow-dependent Cx40 induction. This study consequently focused on the possible involvement of PI3K/Akt in shear stress-induced Cx40 expression.
Finally, the present study aimed to assess the possible functional consequences of the observed shear stress-dependent Cx regulation in microvascular networks. Two questions were addressed. First, does modulation of Cx expression by local shear stress, and thereby of conducted vasomotor responses, have an impact on the functional properties of a microvascular network? Second, can the assumption of shear stress-dependent regulation lead to better predictions of the in vivo distribution of flow velocity or shear stress within microvascular networks? These issues were approached using an established computer model of microvascular network hemodynamics and adaptation, based on in vivo data.
MATERIALS AND METHODS
Human umbilical vein EC culture. Human umbilical vein ECs (HUVECs) were isolated and cultured according to slightly modified previous protocols (2) , with changes to the basal medium and cell culture flasks. Cells were isolated from fresh umbilical cords with 0.2% collagenase type II (Biochrom, Berlin, Germany) and seeded into tissue culture flasks (75 mm 2 , Sarstedt, Nürnbrecht, Germany). Cells were grown in EC basal medium MV (PromoCell, Heidelberg, Germany) with the addition of supplement pack/EC growth medium MV (PromoCell) and penicillin-streptomycin (100 U/ml, 100 g/ml, Biochrom). Tests to rule out possible mycoplasmal contamination were not performed. After reaching confluence, cells were divided into two to four Primaria culture dishes (100 ϫ 20 mm, Becton Dickinson, Franklin Lakes, NJ). One of these dishes served as a negative control and was not exposed to shear stress or enzyme inhibition experiments but was otherwise kept under the same conditions.
Shear stress experiments. Defined shear stress was exerted on confluent HUVEC monolayers by generating constant laminar flow via a cone-and-plate apparatus as previously described (2): a rotating cone was inserted into the petri dish, providing uniform wall shear stress ( w) over the entire cross-sectional area according to the following formula:
The cone angle (␣) was a steady 1°(equal to ϫ 180 Ϫ1 rad), but angular velocity () and medium viscosity () were varied to achieve the desired shear stress force. To avoid turbulent flow when applying shear stresses of 10 or 20 dyn/cm 2 , the basal medium viscosity of 0.75 cP at 37°C was increased to 5 cP by the addition of 83 mg dextran (molecular weight: 100,000 -200,000, Sigma-Aldrich, Taufkirchen, Germany) per milliliter of medium, reducing the angular velocity accordingly.
Enzyme inhibition. Enzyme inhibitors in their respective solvents were added to the culture medium. PI3K was inhibited using a final concentration of 10 mol/l LY-294002 (Sigma-Aldrich) in 0.1% DMSO, which is equivalent to approximately four times a halfmaximal inhibitory concentration of LY-294002 (31). Akt was inhibited with 5 mol/l InSolution Akt Inhibitor IV in 0.1% DMSO (Calbiochem, Darmstadt, Germany). Concentrations higher than 5 mol/l could not be tested, as it was observed that they were toxic for the cells.
RNA isolation and reverse transcription. HUVECs were harvested with 0.05% trypsin-0.02% EDTA (Biochrom), pelletized in 2-ml cryotubes (Sarstedt), and immediately frozen in liquid nitrogen. RNA was isolated using an RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The amount of resulting RNA was estimated with a GeneQuant photometer (Amersham Pharmacia, Amersham, Buckinghamshire, UK).
Total RNA (2 g) and 1 g oligo(dT)-15 primer (Promega, Madison, WI) in a total volume of 15 l were heated for 8 min at 70°C in an UNO-Thermoblock (Biometra, Göttingen, Germany) to denature the RNA and afterward chilled on ice. Moloney murine leukemia virus reverse transcriptase (200 units), 1.25 l dNTP mix per 10 mmol/l, and 5 L of 5ϫ reverse transcription buffer (all supplied by Promega) were added to a total volume of 25 l and incubated at 42°C for 60 min. Finally, the enzyme was inactivated by an incubation at 70°C for 10 min. Water (18 l) treated with diethyl-pyrocarbonate was added to the resulting cDNA, and aliquots of 1 l containing 46 ng of cDNA were used as templates for the PCR.
Real-time quantitative PCR. Nucleotide sequences of the relevant mRNAs were found in the "Entrez Nucleotides" database [http:// www.ncbi.nlm.nih.gov/nuccore, National Center for Biotechnology Information (NCBI), Bethesda, MD]. Primer pairs were composed with "Primer3" (http://frodo.wi.mit.edu/primer3, Whitehead Institute for Biomedical Research), and their selectivity was tested with "BLAST" (http://blast.ncbi.nlm.nih.gov/Blast.cgi, NCBI).
To generate standard cDNA templates ("long" products) normally consisting of 250 -400 bp, primers in a final concentration of 0.3 mol/l were added to 1 l of cDNA template, 10 l of master mix SYBR green (QuantiTect SYBR Green PCR Kit, Qiagen), and nuclease-free water to a total volume of 20 l. PCRs were performed using a Rotor Gene 2000 cycler (LTF, Wasserburg, Germany). Initial denaturation at 94°C for 900 s was followed by 40 cycles at 94°C for 15 s, 58°C for 30 s, and 72°C for 75 s. Nonreverse transcriptase and nontemplate controls were run for all reactions. Product purity was controlled with melting curve analysis. Additionally, amplification products were unravelled in agarose-ethidium bromide gels (2% agarose and 0.1% ethidium bromide in 1ϫ Tris-borate-EDTA buffer) and visualized under ultraviolet light (254 nm). Purity and correct length were verified using ONE-Dscan (Scanalytics).
PCR products were purified and quantified using the QiaQuick PCR Purification Kit (Qiagen) according to the manufacturer's protocol. For real-time quantitative PCR analysis, so-called "short" products of 140 -200 bp were amplified. Dilutions of 10 2 -10 8 copies/l of the respective long products served as standardized templates to generate a standard curve.
Each real-time quantitative PCR consisted of an initial denaturation at 94°C for 900 s and 40 cycles at 94°C for 15 s, 58°C [Cx40 transcript variant A (Cx40vA)] or 56°C [Cx40 transcript variant B (Cx40vB) and GAPDH] for 30 s, and 72°C for 75 s. Product purity was controlled by melting curve analysis. Non-template controls were run for all reactions as a negative control, and non-reverse transcriptase controls showed no significant amplification of genomic DNA.
The following primer pairs were used: Cx40vA (Accession No. NM_005266), 5=-GCAGCCAGAGTGTGAAGAAG-3=/5=-TGATCTG-CAGCACCCAGTAG-3= for the long product (339 bp) and 5=-AAGGAAAGTCCAGGGAGGAG-3=/5=-AGTGAGCCAGACCTTGC-CTA-3= for the short product (146 bp); Cx40vB (Accession No. NM_181703), 5=-GGAGAACACAGACAGGCAGA-3=/5=-TGATCTG-CAGCACCCAGTAG-3= for the long product (336 bp) and 5=-TACAACACAAGGCAGCAAGC-3=/5=-AGTGAGCCAGACCTTGC-CTA-3= for the short product (146 bp); and GAPDH (Accession No. NM_002046), 5=-CCTGACCTGCCGTCTAGAAA-3=/5=-TACTCCT-TGGAGGCCATGTG-3= for the long product (276 bp) and 5=-TCAAGAAGGTGGTGAAGCAG-3=/5=-CCCTGTTGCTGTAGC-CAAAT-3= for the short product (198 bp).
Protein extraction. HUVECs were cooled on ice and suspended in 250 l of extraction buffer containing 1% Triton X-100, 20 mmol/l sodium phosphate buffer (pH 7.8), 150 mmol/l NaCl, 2.5 mmol/l EDTA, 1 mmol/l Na2VO4, 50 mmol/l NaF, and protease inhibitors (1 mmol/l PMSF, 0.02 g/l aprotinin, 0.02 g/l leupeptin, and 0.02 g/l pepstatin A). The lysate was homogenized on ice by passing it through a 27-gauge needle and by sonification (Sonifier B-12 Cell Disruptor, Branson Sonic Power, Danbury, CT). Insoluble materials were removed after centrifugation (20,000 g for 10 min at 4°C), and the protein concentration was determined with a Bradford kit (BioRad, Munich, Germany) according to the manufacturer's protocol.
Antibodies. Antibodies against Cx40 (Sc-20466, Santa Cruz Biotechnology, Heidelberg, Germany) were diluted 1:1,000 -1:2,000; those against platelet-EC adhesion molecule-1 (PECAM-1; Sc-1506, Santa Cruz Biotechnology) were diluted 1:15,000. As a negative control, Cx40 blocking peptide (Sc-20466P, Santa Cruz Biotechnol-ogy) in fivefold excess by weight was combined with the respective antibody, incubated overnight at 4°C, and then used for PAGE.
SDS-PAGE and immunoblot analysis. Cell extracts (40 g) were mixed with Laemmli sample buffer (50 mmol/l sodium phosphate, 100 mmol/l DTT, 2% SDS, 10% glycerol, and 0.1% bromophenolblue), heated (95°C) for 3 min, and loaded onto a gel [stacking gel: 5% acrylamide, resolving gel: 7% or up to 10% acrylamide in Tris(hydroxymethyl)-aminomethan buffer]. After electrophoretic separation, proteins were transferred to a nitrocellulose membrane in a tank blotting system (Bio-Rad). The membrane was blocked with 5% fat-free, dry milk powder in washing buffer (0.1% Tween 20 in PBS) at 4°C overnight. Blot membranes were incubated with primary antibodies for 2 h at room temperature, washed for 30 min, and subsequently incubated for 60 min with a 1:5,000 dilution of peroxidase-conjugated secondary antibody (P0449, DAKO, Hamburg, Germany). Unbound secondary antibodies were removed by a wash. Immunoblots were developed via chemiluminescence using an ECL detection kit (Perkin-Elmer, Boston, MA) as previously described (10), visualized by exposing blots to Hyperfilm ECL (Amersham) for varying times, and scanned for densitometric quantification (Quantity 1D analysis, Bio-Rad). Equal protein loading was confirmed by Ponceau staining and PECAM-1 immunostaining.
Statistical analysis. n values are the numbers of umbilical cords from which HUVECs were isolated, indicating at least three independent experiments. Cells from each umbilical cord were divided into two to four petri dishes, incubated either with or without enzyme inhibitors, and then either exposed to shear stress or kept under static control conditions. One sample was always kept as an untreated static control.
Data are given as means Ϯ SE relative to the mean of the respective untreated static control samples. Statistical analysis was done using Student's two-sided t-test for paired or unpaired samples, as applicable; statistical significance was set at P values of Յ0.05.
Model simulation. A mathematical simulation of hemodynamics and vessel diameter adaptation in microvascular networks was used to test the impact of different relations between local Cx expression, determining the strength of vascular communication, and local shear stress values. Details of the approach have been previously described (37) . In brief, for networks with an experimentally determined structure, obtained by intravital microscopy of the rat mesentery, or for simple artificial network structures, a hemodynamic model was used to simulate the distribution of blood flow, pressure, shear stress, and oxygen, based on parametric descriptions of blood rheology in microvessels (Fåhraeus effect, Fåhraeus-Lindqvist effect, phase separation). A second component of the model addresses adaptive responses of (structural) vessel diameter to metabolic and hemodynamic stimuli. Such adaptive diameter changes, in turn, lead to alterations in flow resistance, flow distribution, and pressure distribution within the network, affecting the adaptive stimuli and evoking additional diameter changes. This process is continuously repeated until convergence is achieved.
Previous studies (12, 20, 35, 36) using this model have revealed that in addition to vascular responses to local stimuli, a realistic adaptation requires the propagation of metabolic information upstream along the vessel wall, most likely via vascular Cx. This conducted signal stimulates vessel growth and thereby leads to larger vessel diameters in arteriolar vessel segments that supply numerous downstream vessels, preventing functional shunting (35, 36) . The effectiveness of upstream conduction depends on the assumed length constant (LC) for the signal conducted via vascular Cx. In the present context, it was considered that the local LC in a given vascular segment is proportional to the local level of Cx expression, which, in turn, depends on local wall shear stress. The model makes testing different patterns of the relation between shear stress and Cx expression possible. In accordance to the in vitro data presented here, a situation was tested in which Cx expression exhibited a peak at a certain shear stress level. Results were compared with standard simulations with equal LC values in all vessels.
Model simulations were performed for a simple artificial network with 382 segments in a strictly symmetric (1-2-4-8-16-32-64-128-64-32-16-8-4-2-1) arrangement and 7 vessel generations on the arterial side and the venous side. Additionally, a realistic microvascular network from the rat mesentery was used for which adaptation parameters had been previously optimized (37) . Since typical shear stress levels in small rodents are nearly 10 times higher than in humans (38) , this was taken into account when the present experimental data for human cells were transferred to the model simulation.
Velocity values for each vessel segment, obtained during intravital microscopy of the real microvascular network, allowed the estimation of parameters for similarity between modeling results and the in vivo situation. Root mean square (RMS) deviations of flow velocity (velocity RMS error) and shear stress (shear stress RMS error) between simulation results and experimental measurements were calculated, and adaptation parameters were optimized to minimize these errors. As a reference, velocity and shear stress errors of an adaptation with a shear stress-independent Cx expression and conduction strength were used. For a detailed description of the approach, see the APPENDIX.
RESULTS
Effects of shear stress on Cx40 expression. Endothelial Cx40 was found to be induced by shear stress (6 dyn/cm 2 ) at both the mRNA and protein levels (Fig. 1) . Cx40vA mRNA exhibited two transient induction maxima after 4 and 16 h of flow, separated by a minimum that was found at 8 h. After 24 h, differences between flow and no-flow conditions were no longer detectable. For the second splice variant, Cx40vB, which encodes the same protein, concordant regulation was found at the time points of 1, 2, 4, and 24 h. The time points of 8 and 16 h could not be evaluated because Cx40vB was not detected in every sample, and data are generally not shown if the number of positive samples was less than three.
Western blot analysis also revealed shear stress-dependent induction of Cx40. A maximum was reached after 4 h of flow (6 dyn/cm 2 ) followed by (statistically not significant) attenuation. Upregulation of Cx40 protein was maintained for at least 24 h when a twofold increase could still be detected. This differed from the finding that mRNA expression fell back to static control levels after 24 h of flow. Additionally, the bimodal mRNA curve with its peaks at 4 and 16 h was not replicated at the protein level, where a unimodal curve was found.
The results shown in Fig. 2 demonstrate that Cx40 regulation by shear stress is force dependent. After 4 h, shear stress tended to induce Cx40 mRNA and protein at all levels of force tested. At both the mRNA and protein levels, there was a peak of maximal induction at 6 -10 dyn/cm 2 . When shear stress was raised to higher levels of force, a decrease in induction was found, resulting in hill-shaped curves. The protein results from Fig. 2B were fitted to a biexponential function that corresponded to the hill-shaped characteristics of shear stress-dependent Cx40 protein induction.
Effects of PI3K and Akt inhibition on Cx40 regulation. Inhibition of PI3K by 10 mol/l LY-294002, representing four times a half-maximal concentration, downregulated Cx40 mRNA and protein (Fig. 3) , a finding applicable to HUVECs under both static and dynamic (6 dyn/cm 2 ) conditions. After 4 h of incubation with LY-294002, Cx40 expression decreased to ϳ10% compared with untreated samples, and, after 24 h of incubation, expression was abolished. Nevertheless, despite the presence of LY-294002, the induction of Cx40 by shear stress could be detected.
Inhibition of Akt (Akt inhibitor IV, 5 mol/l, 4 h) hardly affected basal Cx40 mRNA expression under static conditions (Fig. 4) , but it reduced Cx40 mRNA upregulation by shear stress (6 dyn/cm 2 ), which was no longer significant. At the protein level, Akt inhibitor IV downregulated Cx40 under static conditions and additionally reduced the effect of shear stress such that there were no significant differences between flow and no-flow conditions with Akt inhibited.
Model simulation. Figure 5 shows the effects of shear stress-dependent Cx expression patterns on the hemodynamic properties of adapting microvascular networks. The results shown in Fig. 5A address the question of how Cx regulation by shear stress influences the functional properties of a microvascular network. For this test, a symmetric artificial network was used to avoid data variability due to the topological and structural heterogeneity of real microvascular networks. A strong peaked shear stress-dependent Cx expression with a peak at a shear stress level of 20 dyn/cm 2 was tested compared with a fixed Cx level. A higher level than found in human cells was used because the parameters of the adaptation model were derived from rat microvascular networks, which exhibit higher shear stress levels than typical for human microvessels. It was assumed that the local Cx level determines the local conduction L C (see the APPENDIX).
Shear stress-dependent expression of Cx and conduction efficacy led to a systematic increase in shear stress levels for arterioles at pressure levels above ϳ40 mmHg, as well as less variation in diameter (data not shown) along the arteriolar tree. This was due to the decrease in conduction for vessels that exhibited a shear stress level above the assumed peak of Cx expression, reducing the growth signal for upstream vessels and, consequently, diameters of more proximal arterioles. This, in turn, led to a further increase in shear stress.
For a mesenteric network, the effect of the simulated strong peak in shear stress-dependent Cx expression on local shear stress is shown in Fig. 6 . There was a marked shift of the highest shear stress levels to the proximal arteriolar tree (which also exhibited the highest pressure levels), in line with the results shown in Fig. 5A . A parallel reduction in venous shear stress levels led to a steepening in the overall arterioveneous gradient of shear stress.
The results shown in Fig. 5 , B-D, address the question as to whether the observed peak dependence of Cx expression on shear stress may render the simulated adaptation and the resulting hemodynamic properties of a rat mesentery network more realistic, i.e., reduce the deviation from the corresponding in vivo measurements. This was assessed by calculating the deviation of flow velocity and wall shear stress between ex- perimental measurements and the model simulations of vascular adaptation in all segments of the network.
Simulations with a given constant L C of conduction were compared with simulations assuming a local shear stressdependent Cx expression and thus effective local L C (L Ceff ). In the latter, the reference L C value was modified for each vessel segment assuming a peak in Cx expression, determining (L Ceff ) in response to the local shear stress value. Parameters controlling the location and shape of the peak according to Eqs. [2] [3] [4] (see the APPENDIX) were optimized for each value of L C .
The assumption of a peaked Cx expression led to a subtle but consistent reduction of both velocity and shear stress RMS errors, representing a slight improvement of the match between simulated diameter adaptation and corresponding experimental in vivo values. Figure 5D shows the assumed curve of shear stress-dependent Cx expression that led to the lowest RMS errors, as shown in Fig. 5 , B and C.
DISCUSSION
Cx40 is widely known to be expressed in ECs of human blood vessels, including HUVECs (3, 20, 21, 26, 42) . Since Cx expression in cultured ECs has been found to recede dramatically with increasing passages (5, 34, 42) and results obtained in repeatedly divided cell cultures may therefore be questionable, only first-passage HUVECs were used in this study to allow a reasonable analysis of expression levels.
Some authors (33) have suggested that HUVECs only express Cx40 mRNA variant Cx40vA and not Cx40vB (33) , whereas in this study Cx40vB was successfully detected in most HUVEC samples, albeit not in all. Since Cx40vA and Cx40vB were consistently found to be regulated concordantly, data obtained from Cx40vA alone may, however, be considered sufficient.
The flow-dependent induction of Cx40 expression demonstrated here corresponds well with similar results in the preexisting literature, even if the latter were observed in other EC types, at other time points, and after other shear stress intensities than those applied here (18, 25) .
Flow-dependent induction resulted in a bimodal mRNA curve and a unimodal protein curve. While the first peak increase of Cx40 mRNA was a reaction to flow start, the second occurred when all external conditions remained unchanged. This suggests either the presence of two independent mechanotransduction pathways, one faster than the other, or a reaction to a decreasing overexpression of Cx40 protein. In either case, long-term induction of protein expression resulted from repetitive short-term mRNA peaks. This induction pattern may cause misleading findings if only the mRNA level or the protein level is investigated or without attention paid to a more complete time course.
At sites of undisturbed blood flow, ECs sense shear stress, in humans averaging 10 dyn/cm 2 in arteries and 1 dyn/cm 2 in veins (29, 38) , either immediately on their luminal surfaces or indirectly at cell-cell contacts and focal adhesion sites (17, 40, 41) . In most cases, PI3K (15, 16, 30) and its downstream target Akt/PKB (22) are early participants in the activated cell signaling. The question arose in this study as to whether or not PI3K or Akt play central roles in shear stress-dependent Cx40 induction.
Cx40 mRNA and protein were dramatically decreased with PI3K inhibited, emphasizing a substantial contribution for PI3K activity in the basal expression of Cx40. However, since shear stress was still able to cause induction with PI3K inhibited, PI3K must not be the only operator in transducing shear stress effects to Cx40. Considering that inhibition of Akt, the central downstream target of PI3K, reduced basal expression only at the protein level but decreased shear stress effects both at the mRNA and protein levels, it appears that PI3K is crucial for basal, flow-independent Cx40 expression and that Akt plays a role in shear stress-dependent enhancement.
The effects of various shear stress intensities on Cx40 expression were examined after 4 h of flow, because at this time point, mRNA and protein were upregulated concordantly. Any applied shear stress led to an increase in Cx40 mRNA and protein, but, surprisingly, a maximum of induction was found at moderate shear stress levels of 6 -10 dyn/cm 2 . In contrast, expression of endothelial nitric oxide synthase (data not shown) and a disintegrin and metalloproteinase with thrombospondin motifs 1 (23) (Fig.  2E) in the same samples further increased with increasing forces of shear stress, which proves the maximal induction peak shown here to be specific.
One important functional task of Cx40 in the endothelium is its contribution to the regenerative upstream conduction of vasodilatory responses, initiated by parenchymal muscle contraction or vasoactive substances in venous sites and transmitted upstream via endothelial GJs (12, 13, 19, 32) . Under no flow conditions in vivo, for example, in capillary sprouts that are not yet perfused and do not need to conduct vasomotor responses, ECs provide a basic expression of Cx40. Moderate shear stress enhances that expression, making the idea of a feedback loop between shear stress and Cx40 levels plausible. However, since rising forces of shear stress do not automatically lead to higher expression levels in a linear manner, as shown here, there seems to be optimal shear stress intensity for durably enhanced Cx40 expression. The question follows as to whether that means that there is also an optimal shear stress level for conducted vasomotor responses, which could contribute to creating a set point for shear stress in vascular networks.
In this context, mathematical model simulations of hemodynamics and microvascular network adaptation were previously used to assess the consequences of a shear stress-dependent Cx expression in a functionally realistic microvascular network. Information transfer along arteriolar walls in an upstream direction was shown to be crucial for an adequate distribution of blood flow (36) . A growth signal supplied from capillaries to feeding arterioles via Cxs increases the luminal diameter of the latter relative to those of short arteriovenous connections and avoids functional shunting (35) . Regarding the effect of conducted signals, two main parameters may change: the efficiency of conduction from one cell to another, as reflected by the conduction L C , and the local reaction to a given conducted signal. A change in Cx expression could affect the L C .
An influence of Cx expression on the conducted signals can only be assumed if the signal is not 100% regenerative 2 , where Cbasal is basal stress-independent Cx expression, Cpeak is the amplitude of the peak of shear stress-dependent Cx expression, peak is the shear stress value at peak Cx expression, and width is the width of the peak; for an explanation, see the APPENDIX) relative to a constant conduction. B and C: root mean square (RMS) deviation of flow velocity and wall shear stress between predictions from simulated diameter adaptation and experimental measurements in a rat mesentery network with 546 segments. Data are given for different values of basal conduction LC. For simulations assuming shear stress-dependent Cx expression, the indicated LC value was modified for each vessel segment assuming a peak in Cx expression, determining the effective local LC (LCeff) for each local shear stress value. Parameters controlling the location and shape of the peak were optimized for each value of LC. For both velocity and wall shear stress deviation, the assumption of shear stressdependent conduction led to a small but consistent decrease in RMS deviations for LC between 10 and 17 mm, i.e., closer similarity to experimental values. For an LC value of 13 mm, the optimized parameter values were as follows: Cbasal ϭ 0.5, Cpeak ϭ 3.31, peak ϭ 41.1 dyn/cm 2 , and width ϭ 55.6 dyn/cm 2 . D: relative levels of Cx expression and thus LCeff with changing shear stress as obtained with the optimized parameter values given above for B and C. Absolute shear rate levels for humans would be significantly lower (1/8 to 1/10) than those depicted here for the rat mesentery (38) . and the L C is not infinite. Previous publications (13, 19, 21) have described a very limited decay along vessels for some types of conducted responses, indicating the presence of regenerative processes. However, the data do not strongly argue for a complete regeneration without any loss of signal along a vessel, and other types of conducted signals show significant decay. In this situation, any increase of effective conduction would, in fact, appear as an increase in local L C .
The model simulations presented here, using an artificial network (Fig. 5A) or a rat mesentery network (Fig. 6 ), showed that a peak in the shear stress dependence of Cx expression may lead to a significant change in the distribution of shear stress. Due to a reduction of vascular conduction in arteriolar vessels with shear stress levels above the assumed peak, these vessels exhibited reduced vessel diameters, increased flow resistance, and a further enhancement of shear stress. This effect changed the overall arteriovenous pressure difference. It thus can be concluded that shear stress-dependent Cx regulation will, in fact, influence functional network properties.
Using data on morphological and hemodynamic parameters from intravital microscopy of microvascular networks (37), the modeling approach was also used to probe the probability of shear stress-dependent regulation of conductive strength in vivo. Peaked shear stress-dependent Cx regulation was compared with shear stress-independent Cx expression with regard to similarity of modeling results to experimental in vivo data from the rat mesentery. The results shown in Fig. 5, B-D , demonstrate that the assumption of a relatively wide expression peak with a maximum around 40 dyn/cm 2 slightly but consistently improves velocity and shear stress matching to in vivo data. In this context, it is relevant to note that shear stress levels in small rodents are nearly one order of magnitude higher than in humans, and the values used in Fig.  5 , B-D, correspond to a location of the peak at slightly above 4 dyn/cm 2 and a half-width of ϳ7 dyn/cm 2 . These values compare well with the experimental in vitro values presented here for human cells of the first passage. While the observed differences in matching quality are small, it has to be acknowledged that due to the involved experimental measuring uncertainties, the reported errors are close to the minimal values that are possibly attainable in the modeling approach used (39) . Although these results are certainly not sufficient to prove the presence of a shear stresscontrolled regulation of conduction in vivo, they support the hypothesis that such a regulation may be present.
In arteries, Cx40 is known to be downregulated in the endothelium of atherosclerotic plaques and even in that of atheroprone vessel sites where cells are exposed to high shear stress (3, 9, 11) . In the light of the recent finding that endothelial Cx40 is necessary for maintaining a healthy, nonactivated vessel wall (5), it would seem that Cx40 downregulation by high forces of shear stress could contribute to atherogenesis. However, because the present data were obtained in venous ECs, their validity with respect to questions regarding the arterial system is limited.
In conclusion, this study provides new quantitative data on the regulation of shear stress-dependent Cx40 expression in primary ECs of the first passage. Based on cone-and-plate system experiments, the present study elucidates the time-and shear stress-dependent characteristics of Cx40 expression and shows that moderate shear stress is sufficient for a stable induction of endothelial Cx40 levels. Computed simulations of microvascular network hemodynamics and adaptation indicate that the shear stress dependence of Cx expression may contribute to network properties. The results of enzyme inhibition experiments stress the impact of PI3K/Akt-dependent pathways on endothelial Cx40 expression.
APPENDIX
The following is a description of the computer simulation of the microvascular network adaptation. For a parametric description of peaked Cx expression (C ex) as a function of wall shear stress (), the following equation was used:
C ex ϭ C basal ϩ 4 ϫ C peak ϫ ⌿ ⁄ (1 ϩ ⌿) 
where Cbasal is the shear stress-independent component of Cx expression, Cpeak (scaling factor: 4) is the amplitude of the peak, peak is the shear stress at peak expression, and width (scaling factor: 0.285) is the width of the peak at 50% of its height. peak and width are given in shear stress units (dyn/cm 2 ), whereas Cex, Cbasal, and Cpeak (dimen- Fig. 6 . Graphs of a rat mesenteric network color coded for wall shear stress. The network architecture was recorded during intravital microscopy (red arrow: feeding arteriole; blue arrow: draining venule). In a mathematical model, network hemodynamics were estimated and the adaptive reactions of vessel diameters to hemodynamic and metabolic stimuli were simulated (37) . A: this image was obtained with previously established adaptation parameters assuming a constant LC of conduction in all vessels. B: for this image, shear stress-dependent expression of vascular Cx and a corresponding change in local conduction LC were assumed, with a strong peak at shear stress levels around 20 dyn/cm 2 . Such a pattern of conduction led to a redistribution of shear stress within the network with increased shear stress levels in proximal arterioles (arrowhead) and decreased shear stress in the capillary bed and in venous vessels. sionless) are relative to the assumed level of Cx expression in the absence of a shear stress-dependant regulation.
According to cable theory of nerve conduction, L C is proportional to the square root of membrane resistance (Rm) divided by longitudinal resistance (Rl), as follows: LC ϭ (Rm/Rl) 0.5 . According to Kirchhoff's law of parallel resistors, Rl can be assumed to be inversely related to the number of Cxs in cell contacts, which, again, is proportional to Cx expression. Thus, the relation L Ceff ϭ L C ϫ C ex 0.5 (4) was used to calculate local L Ceff for each vessel segment and to compare results from shear stress-dependent Cx expression to the reference. For the model assuming shear stress-dependent Cx expression, C basal was set to 0.5 and Cpeak, peak, and width were optimized at any given level of LC to achieve minimal values of velocity RMS error and shear stress RMS error. For comparison, results for shear stress-independent Cx expression (Cex ϭ 1) and thus LC, with LC values ranging from 18 mm down to the minimal level, resulting in stable network adaptation, were used.
